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A diffuse endotheliopathy, affecting 
all organ systems, contributes to mi- 
crovascular complications in diabe- 
tes. Diabetic nephropathy (DN) begins 
soon after diabetes diagnosis with a pos- 
sible genetic predisposition (1). DN is the 
leading cause of end-stage renal disease 
(ESRD) in Western countries and ac- 
counts for >40% of ESRD in the U.S. In 
addition, DN is associated with greater 
risk of severe visual impairment, stroke, 
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and cardiac death. However, early mark- 
ers that predict subsequent development 
of ESRD remain elusive. Microalbuminu- 
ria (albumin excretion rate [AER] >20 
(jLg/min), which is uncommon in young 
adolescents with type 1 diabetes early in 
the course of disease, is a well-established 
predictor of progression to overt nephrop- 
athy. Lower thresholds for early renal dys- 
function (AER >7.5 jjtg/min) have been 
clearly demonstrated (2-4) as predictors 



of microalbuminuria. A better under- 
standing of early microvascular changes 
in diabetes may allow early identification, 
prevention, and treatment of those at risk 
for ESRD and its comorbidities. Thus, 
surrogate measures of risk need to be ex- 
plored in young people early in the course 
of diabetes. 

There is emerging evidence that retinal 
vascular changes, such as retinal vascular 
diameter, are associated with diabetes com- 
plications including retinopathy, coronary 
artery disease, and stroke (5-7), supporting 
the view that retinal vascular changes may 
be early markers of systemic endothelial 
damage (8). In adults with type 1 diabetes, 
the incidence of gross proteinuria was as- 
sociated with wider retinal venules, but 
not arterioles (9). 

Retinal vessel diameter represents 
only a single parameter of the retinal vas- 
culature, which is dynamic and influenced 
by ambient glycemia particularly early in 
diabetes (10), whereas longer diabetes du- 
ration (>5 years) is associated with wider 
vascular diameters (11-13). Therefore, 
parameters such as vessel tortuosity and 
length-to-diameter ratio (LDR) may pro- 
vide greater information on the pathobio- 
logy of complications early in the course of 
disease. We recently demonstrated that ar- 
teriolar LDR and tortuosity predicted in- 
cident diabetic retinopathy in adolescents 
with type 1 diabetes (14). However, the 
relationship between these geometric pa- 
rameters and DN has not been previously 
studied. 

We hypothesized that changes in re- 
tinal venular LDR (LDRv) and simple tor- 
tuosity (STv) may predict early incident 
renal dysfunction. In this study we exam- 
ined whether retinal vascular geometry in 
young people with type 1 diabetes, free of 
retinopathy and with normal renal func- 
tion at baseline assessment, predicted sub- 
sequent incident renal dysfunction. 

RESEARCH DESIGN AND 
METHODS — We conducted a pro- 
spective cohort study in 951 young peo- 
ple aged 12-20 years with type 1 diabetes 
of minimum 2 years duration at a tertiary 
hospital in Australia between 1990 and 
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OBJECf IVE — To examine the relationship between retinal vascular geometry parameters and 
development of incident renal dysfunction in young people with type 1 diabetes. 

RESEARCH DESIGN AND METHODS— This was a prospective cohort study of 511 
adolescents with type 1 diabetes of at least 2 years duration, with normal albumin excretion rate 
(AER) and no retinopathy at baseline while attending an Australian tertiary-care hospital. AER 
was quantified using three overnight, timed urine specimen collections and early renal dysfunc- 
tion was defined as AER >7.5 [jLg/min. Retinal vascular geometry (including length-to-diameter 
ratio [LDR] and simple tortuosity [ST]) was quantified from baseline retinal photographs. Gen- 
eralized estimating equations were used to examine the relationship between incident renal 
dysfunction and baseline venular LDR and ST, adjusting for age, diabetes duration, glycated 
hemoglobin (A1C), blood pressure (BP), BMI, and cholesterol. 

RESULTS — Diabetes duration at baseline was 4.8 (IQR 3.3-7.5) years. After a median 3.7 (2.3- 
5.7) years follow-up, 34% of participants developed incident renal dysfunction. In multivariate 
analysis, higher retinal venular LDR (odds ratio 1.7, 95% CI 1.2-2.4; quartile 4 vs. 1-3) and 
lower venular ST (1.6, 1.1-2.2; quartile 1 vs. 2-4) predicted incident renal dysfunction. 

CONCLUSIONS — Retinal venular geometry independently predicted incident renal dys- 
function in young people with type 1 diabetes. These noninvasive retinal measures may help 
to elucidate early mechanistic pathways for microvascular complications. Retinal venular geom- 
etry may be a useful tool to identify individuals at high risk of renal disease early in the course of 
diabetes. 
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2007 as previously described (14). All were 
free of retinopathy at baseline and had a min- 
imum of two diabetes complication assess- 
ments. The number of people with baseline 
photographs suitable for grading was 736 
(77%). No baseline urine samples were 
available for 70 (10%) who were excluded 
from the study. A1C in those without urine 
samples at baseline was higher (8.9 vs. 8.5% ; 
P = 0.04) but no other baseline differences 
were observed. Thus, 666 participants qual- 
ified for the study. Of these, 511 had normal 
AER at baseline (AER <7.5 (Jig/min) and 
155 had elevated AER. Predictive models 
were based on the 511 with normal AER. 
Baseline characteristics are described for all 
666 participants (Table 1). Participants were 
prospectively followed using standardized 
interviews, examinations, and laboratory in- 
vestigations at each visit as previously de- 
scribed (15). The study was approved by 
The Children's Hospital at Westmead Ethics 
Committee, and written informed consent 
was obtained from all participants. 

Definition of early renal dysfunction 

Incident renal dysfunction was defined as 
an AER >7.5 LLg/min from three over- 
night, timed urine collections. This cutoff 
is above the 95th percentile of the normal 
adolescent population and predictive of 
microalbuminuria (3,4). Urinary albu- 
min was measured using a polyclonal ra- 
dioimmunoassay (Pharmacia RIA, Uppsala, 



Sweden) from 1997 to March 2000, 
changed to nephelemetry (IMMAGE ana- 
lyzer; Beckman Coulter, Sydney, Australia) 
until 2003, and then changed to Immulite 
analyzer (Siemans, Los Angeles, CA) from 
2004 onwards. A cross-validation analysis 
found no significant differences or system- 
atic bias between methods in the estima- 
tion of urinary albumin concentration. 
The slope of the fitted regression between 
the values obtained from each of the assays 
did not differ significantly from unity, nor 
did an intercept term differ significantly 
from zero. 

Retinal photography 

Mydriatic seven-field stereoscopic fundal 
photography was performed using a Topcon 
Fundus Camera (TRC50-VT; Tokyo- 
Optical, Tokyo, Japan) using film and, 
subsequently, digital photography (16). 
Changeover from film to digital photog- 
raphy took place in September 2004. 
Camera settings, including angle of reti- 
nal photography, remained unchanged. All 
film images prior to September 2004 were 
individually scanned in a high-resolution 
scanner (3071 X 2048 pixels) in raw for- 
mat to avoid pixel and color compression 
(CanoScanFS2710; Canon, Tokyo, Japan). 
Each image was selected and deemed ap- 
propriate for retinal vascular geometry 
grading by a single grader (M.B.S.). Digi- 
tized images were used to assess baseline 



retinal vascular geometry. Retinopathy was 
assessed by a single ophthalmologist 
masked to participants' clinical characteris- 
tics, according to the modified Airlie House 
classification (12). Incident retinopathy was 
defined as at least one microaneurysm/ 
hemorrhage in either eye (Early Treatment 
of Diabetic Retinopathy Study [ETDRS] 
level 2 1 , minimal nonproliferative diabetic 
retinopathy or greater). 

Retinal vascular geometry 

Retinal vascular geometry was analyzed 
from baseline retinal photographs. All slides 
were individually assessed for grading suit- 
ability. Right-eye, digitized retinal photo- 
graphs of each patient were analyzed by a 
single grader (M.B.S.), masked to partic- 
ipants' characteristics, using a semiauto- 
mated, computer-assisted image program 
(Singapore I Vessel Assessment or SIVA) 
as previously described (14,15). The grader 
ensured that the vessel type selected by the 
program was correct. The software then 
combined the individual measurements 
into summary indices: 

• LDR was calculated as the length from 
the midpoint of the first branch to the 
midpoint of the second branch, divided 
by the diameter of the parent vessel at the 
first branch. 

• ST was calculated as the ratio between 
the actual path length of the vessel 



Table 1 — Baseline characteristics by renal function status (AER >7.5 fig/min) through the study period 





Normal renal function 


Incident renal dysfunction 


Renal dysfunction 






(<7.5 [Ag/min) 


(a 7. 5 jJLg/mm) 


at baseline 


P§ 


n 


337 


174 


155 




Sex (% male) 


158/337 (47) 


94/174 (54) 


83/155 (54) 


0.2 


Age (years) 


13.7 [12.8-15.2] 


13.3 [12.8-14.5]* 


14.3 [13.1-15.3]* 


<0.001 










0.5 


AER ([jLg/min) 


3.8(1.4) 


4.6(1.8)* 


17.3 (27.5)* 


<0.001 


Incident retinopathy (%) 


114/337 (34) 


88/174 (51)* 


56/155 (36) 


0.001 


A1C (%) 


8.4(1.3) 


8.5(1.2) 


8.7 (1.3)* 


0.1 


SBP (mmHg) 


111 (12.2) 


112 (11.3) 


114 (12.5)* 


0.02 


DBP SDS 


0.33 (0.81) 


0.41 (0.72) 


0.60 (0.77)* 


0.002 


DBP (mmHg) 


66 (8.4) 


67 (7.4) 


69 (8.5)* 


0.01 


BMI SDS 


0.57 (0.77) 


0.58 (0.87) 


0.63 (0.76) 


0.7 


BMI (kg/m 2 ) 


21.7(3.3) 


21.6(4.0) 


22.2 (3.2) 


0.3 


Cholesterol (mmol/L) 


4.2 [3.7-4.8] 




4.3 [3.8-4.8] 


0.8 


MDI (>4 injections/day) 


88/329 (27) 


39/168 (23) 


31/153 (20) 


0.3 


Arteriolar caliber (jjLm) 


157(15) 


155 (15) 


154 (14) 


0.04 


Venular caliber (|xm) 


218(21) 


217(21) 


217 (21) 


0.9 


Arteriolar branching angle (°) 


83.1 (10.4) 


82.8 (10.1) 


83.9 (10.7) 


0.6 


Venular branching angle (°) 


80.0(10.3) 


78.5 (13.6) 


79.5 (10.8) 


0.3 



Data are n (%), mean (SD), or median [IQR]. §Refers to differences between the three groups. *Refers to statistically significant difference (P< 0.05) compared with the 
normal renal function group. 
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segment (measured by tracking) and the 
straight-line length of the same segment. 

• Retinal vessel caliber measurements, 
represented by the central retinal arterio- 
lar equivalent (CRAE) and the central 
retinal venular equivalent (CRVE), were 
calculated as previously described (17). 

• Branching angle in degrees (°) repre- 
sented the angle between two daughter 
vessels (18). 

For quality control of retinal vascular 
measures, we performed intragrader reli- 
ability analysis on 120 randomly selected 
images to which the grader was masked. 
The intragrader correlation coefficients 
(ICCs) for each parameter were as follows: 
LDRv 0.80, arteriolar LDR 0.84, STv 0.81, 
arteriolar ST 0.96, CRAE 0.79, CRVE 0.89, 
arteriolar branching angle 0.65, and ven- 
ular branching angle 0.4. 

Statistical analysis 

The population was classified into three 
groups: J) normal renal function through- 
out the study (n = 337); 2) incident renal 
dysfunction (n = 174), and 3) renal dys- 
function at baseline (n = 155). The latter 
group was excluded from multivariate 
analyses exploring predictors of incident 
nephropathy, leaving 511 participants. 
Descriptive statistics are presented as 
mean and SD for normally distributed 
data or median and IQR for skewed distri- 
butions. ANOVA was used to determine 
differences between renal function groups 
with Tukey test for post hoc analysis for 
normally distributed variables. The Kruskal- 
Wallis test was used to examine between 
group differences for skewed data, and dif- 
ferences in categorical variables were com- 
pared using the x 2 test (Table 1). The 



effect of diabetes duration on retinal vas- 
cular measures was explored by comparing 
groups with shorter (<5 years) and longer 
(>5 years) diabetes duration using inde- 
pendent sample Student t tests (Table 2). 
Cox proportional hazard regression anal- 
ysis was used to study threshold effects for 
LDR and ST using quartiles as predictors 
of time to development of early renal dys- 
function and retinopathy. 

Longitudinal analysis was performed 
using generalized estimating equations 
(GEEs) with presence of renal dysfunc- 
tion at the respective visit as the outcome 
variable. Predictive models were fitted to 
explore the association between retinal 
vascular geometry and development of 
renal dysfunction (AER >7.5 (xg/min) for 
those with normal renal function at base- 
line (n = 5 1 1). The use of GEE allowed all 
visits to be included in the analysis and 
accounted for correlations between re- 
peated observations for a given patient. 
Age, sex, diabetes duration, A1C, systolic 
blood pressure (SBP) SDS, diastolic blood 
pressure (DBP) SDS, BMI SDS, total cho- 
lesterol, and insulin therapy intensity (as a 
binary variable multiple daily injections 
(MDIs) greater than or equal to four in- 
sulin injections per day versus less than 
four) were included in the models as ex- 
planatory variables. Baseline arteriolar 
and venular ST and LDR were log trans- 
formed for analysis as continuous varia- 
bles and categorized into quartiles to 
examine for threshold effects. Relevant in- 
teraction terms were included in the mod- 
els. Results of significant variables in GEE 
models are reported as odds ratio (OR) 
and 95% Cls, and results of Cox regres- 
sion are reported as hazard ratio (HR) and 
95% CI. Statistical procedures were 



performed using PASW version 18.0 
(2009 SPSS Inc., Chicago, IL). 

RESULTS — At baseline, median age was 
13.5 (IQR 12.8-14.9) years and diabetes 
duration 4.8 (3.3-7.5) years. Baseline char- 
acteristics stratified by renal function status 
are shown in Table 1. Those with renal 
dysfunction at baseline were older and 
had higher AER, A1C, SBP, and DBP than 
the other groups (Table 1). 

Overall baseline CRAE was smaller in 
those who had renal dysfunction at base- 
line, whereas CRVE was not significantly 
different. In the incident renal dysfunc- 
tion group, arteriolar branching angle was 
significantly greater among those with 
longer diabetes duration, whereas venular 
branching angles did not differ (Table 1). 

Of the 511 participants with normal 
AER at baseline, median follow-up was 
3.7 (IQR2.3-5.7) years, with 3.0 (2.0-4.0) 
visits per participant and 1,898 clinical as- 
sessments. Incident renal dysfunction was 
evident in 34%; those who developed in- 
cident renal dysfunction had higher mean 
baseline AER (P < 0.001) and were gen- 
erally younger (P = 0.02) than those who 
had normal AER throughout follow-up. 
No significant differences were observed 
with respect to sex distribution, diabetes 
duration, BP SDS, BMI SDS, insulin ther- 
apy intensity, or glycemic control (A1C) 
between these groups (Table 1). A greater 
proportion of those who developed inci- 
dent renal dysfunction also developed in- 
cident retinopathy (P < 0.001). There was 
no significant correlation between LDRv 
and STv (Pearson correlation 0.04, P = 0.4). 

In Cox proportional hazard regression 
analysis (n = 511), LDRv in the highest 
quartile (HR 2.0 [95% CI 1.3-2.9]), STv 



Table 2 — LDRv and STv predict incident renal dysfunction. Predictive GEE univariate and multivariate models 





Univariate 




Multivariate 1 




Multivariate 2 






OR (95% CI) 


P 


OR (95% CI) 


P 


OR (95% CI) 


P 


LDRv Quartiles 


Quartiles 1-3 


Ref 




Ref 








Quartile 4 


1.48 (1.05-2.10) 


0.02 


1.69 (1.17-2.44) 


0.02 






Quartile 1 


1.51 (1.06-2.13) 


0.01 


1.55 (1.08-2.22) 


0.02 






Quartiles 2-4 


Ref 




Ref 








Log-LDRv 


1.90 (1.19-3.03) 


0.007 






2.37 (1.42-3.95) 


0.001 


Sex (male) 


1.6 (1.1-2.2) 


0.006 


1.57 (1.13-2.18) 


0.007 


1.60 (1.10-2.33) 


0.02 


Diabetes duration (years) 


1.10 (1.06-1.14) 


<0.001 


1.10 (1.06-1.14) 


<0.001 


1.12 (1.08-1.16) 


<0.001 


A1C (%) 


1.14 (1.07-1.29) 












MDI (>4 injections/day) 


1.45 (1.07-1.97) 


0.02 











Models adjusted for sex, age, diabetes duration, and A1C. Cholesterol, SBP SDS, DBP SDS, and BMI SDS not significant in models. 
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in the lowest quartile (1.5 [1.1—2.1]), and 
higher DBP SDS and A1C were associated 
with a higher cumulative risk of early renal 
dysfunction (Fig. 1). There were no signif- 
icant differences in risk between quartiles 
1-3 for LDRv and quartiles 2-4 for STv. 

In univariate GEE analysis (n = 511), 
log-LDRv, as a continuous variable, predicted 
incident renal dysfunction (OR 1.9), 
whereas log-STv as a continuous variable, 
was not statistically significant (OR 1.00 
[95% CI 0.98-1.01]; P = 0.4). When ana- 
lyzing for a threshold effect, those in the 
highest LDRv quartile (OR 1.5) and lowest 
STv quartile (OR 1.5) were at greater risk of 
incident renal dysfunction. Other signifi- 
cant risk factors for incident renal dysfunc- 
tion included longer diabetes duration, 
higher A1C, and male sex (Table 2). 

In multivariate GEE analysis, log- 
LDRv predicted incident renal dysfunc- 
tion (OR 2.4) after adjusting for age, sex, 
diabetes duration, A1C, DBP SDS, BMI, 
and total cholesterol. When analyzing for a 
threshold effect, those in the highest LDRv 
quartile (OR 1.7) and lowest STv quartile 
(OR 1.6) were at greater risk of incident 
renal dysfunction (Table 2). 

CONCLUSIONS— In this longitudinal 
study of young people with type 1 diabetes, 



normal AER, and no retinopathy at base- 
line, greater retinal venular LDR and lower 
venular tortuosity predicted incident renal 
dysfunction independent of established 
risk factors including diabetes duration, 
glycemic control, BP, and total cholesterol. 
We also confirmed our recent findings that 
lower arteriolar LDR and greater arteriolar 
tortuosity were associated with incident ret- 
inopathy (data not shown) (14). 

We recently proposed that, in the dia- 
betic milieu, neuroretinal hypoxia leads 
to a compensatory increase in afferent 
blood flow through increased vessel den- 
sity (earlier arteriolar branching resulting 
in lower arteriolar LDR) and a corre- 
sponding increase in arteriolar tortuosity 
(14). Although this described the afferent 
changes in blood flow, it is important to 
understand the adaptations at the efferent 
(venular) end and their significance. 

Whereas arteriolar changes may best 
represent localized organ tissue changes 
(14,15), venular changes may better re- 
flect systemic compensation and malad- 
aptation. Determinants of resistance to 
blood flow within a vascular network in- 
clude the individual blood vessel size (cal- 
iber and length), the organization of the 
vascular network (series and parallel), and 
the flow characteristics (laminar versus 



turbulent). Although the microcirculation 
provides most of the systemic vascular re- 
sistance, it has low Reynolds numbers and 
therefore turbulence at this level is un- 
likely to occur. In this setting, hydrostatic 
and oncotic pressures, viscosity, and wall 
shear stress would be most influential. Hy- 
perglycemia causes significant hemody- 
namic and rheological changes (19), 
including increased retinal blood flow 
(20) and blood viscosity (19). Further- 
more, changes to particulate components 
of blood include greater platelet aggre- 
gation (19) and increased leukocyte 
numbers with higher integrin-mediated 
adhesion properties promoting leuko- 
stasis (1 1). We propose that decreased ven- 
ular network complexity together with 
early vascular tone dysregulation and 
non-Newtonian influences contribute to 
increased capillary hydrostatic pressure, 
greater wall shear stress, and vessel dam- 
age. Thus, individuals with a simplified 
venular network may be at greater risk of 
microvascular complications such as renal 
dysfunction. 

Baseline characteristics (Table 1) 
demonstrated overall narrower arteriolar 
calibers in those with renal dysfunction. 
However, longer diabetes duration was 
associated with wider vessel calibers 



A B 



STv Quartiles 




0.0 5.0 100 15.0 20.0 0.0 5.0 10.0 15.0 20.0 

Diabetes duration (years) Diabetes duration (years) 



Figure 1 — A: Cumulative hazard curves for risk of early renal dysfunction by LDRv quartiles: quartile 4 vs. quartiles 1-3 (HR 2.0 [95% CI 1.3- 
2.9]) adjusted for sex, Al C, and DBP SDS. B: Cumulative hazard curves for risk of early renal dysfunction by STv: quartile 1 vs. quartiles 2-4 (1 .5 
[1.1-2.1]) adjusted for sex, A1C, and DBP SDS. 
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(both arteriolar and venular). This may 
describe the natural history of microvas- 
cular changes in diabetes: J) early impair- 
ment of microvascular autoregulation 
with inappropriate vasoconstriction, 2) 
subsequent compensatory dilation, 3) 
loss of smooth muscle cells and pericytes 
(or podocytes in the kidney), and 4) loss 
of wall structural integrity and, finally, ir- 
reversible dilation. Early hyperglycemia 
results in a downregulation of large- 
conductance, calcium-activated potassium 
channels necessary for vascular smooth 
muscle cell relaxation, leading to early va- 
soconstriction and neuroretinal hypoxia 
(21). Diabetic rat models demonstrated a 
similar dysregulation in the renal micro- 
vasculature early in diabetes with severe 
insulin deficiency. It has been speculated 
that tissue hypoxia beyond a certain 
threshold may override the vasoconstric- 
tive effect of diabetes (12). Finally, large 
population-based studies associated wider 
retinal venules with proteinuria in adults 
with type 1 diabetes of longer duration (13). 

Changes in vessel caliber are most in- 
fluential in the acute regulation of blood 
flow. According to the Poiseuille equation, 
vessel resistance is inversely proportional 
to the vessel radius to the fourth power 
(r 4 ). Thus, even small changes in the di- 
ameter of arterioles and venules can lead 
to significant changes in blood flow and 
capillary pressures. Capillary hyperten- 
sion has been associated with both reti- 
nopathy (12) and nephropathy (22). 
Classical renal micropuncture studies 
demonstrated that glomerular hyperten- 
sion ensued in diabetes models even in 
the setting of normal BP (23). Diabetes 
led to an impairment of glomerular circu- 
latory autoregulation, with greater vasodi- 
latation of the afferent arteriole than the 
efferent arteriole, which resulted in greater 
intraglomerular capillary pressure (23). 
Ultimately, this exposes the glomeruli to 
increased intracapillary pressure, increased 
shear stress, and mechanical stretch. Me- 
chanical stretch has been observed to favor 
an accumulation of extracellular matrix 
(24) and a decrease in podocyte number 
through effects on cell proliferation, apo- 
ptosis, and cell adhesion to the basement 
membrane (22). In this setting, even minor 
increments in systemic BP would exacer- 
bate glomerular hypertension in a self- 
perpetuating cycle of ongoing hypertensive 
injury with impaired microvascular au- 
toregulation. The efficacy of ACE inhibi- 
tors in retarding the progression of DN 
may in part be due to their vasodilatory 
effect on the efferent glomerular arteriole, 



thus decreasing glomerular capillary 
pressure (25). 

Although we observed higher BP in 
those with baseline renal dysfunction (Ta- 
ble 1), BP measured at each visit did not 
predict renal dysfunction in GEE longitu- 
dinal analysis (Table 2). A longer follow-up 
period may be required to examine this re- 
lationship with adequate statistical power. 

In our study, A1C was an indepen- 
dent predictor of early renal dysfunction 
in keeping with previous reports (26). 
Loss of capillary autoregulation, higher 
glomerular capillary pressure, and decrease 
in podocytes are related to the severity and 
chronicity of hyperglycemia (22). 

This study of normo tensive young 
people with no intercurrent medications 
provides an insight into the preclinical 
renal dysfunction associated with diabe- 
tes and may assist in identifying those at 
greatest risk where early intervention may 
yield greatest benefit. The lack of a statis- 
tically significant association between BP 
and incident renal dysfunction in our 
multivariate models contrasts with pre- 
vious findings regarding retinopathy 
(27). It is noteworthy that a significantly 
greater proportion of those who developed 
incident renal dysfunction also developed 
incident retinopathy. Thus, changes in BP 
may only become apparent later in the 
course of renal disease where capillary 
bed autoregulation may no longer be 
able to compensate for metabolic demands. 
This also suggests that retinal hypoxic de- 
mands may have a greater influence in BP 
autoregulation than changes in renal mi- 
crovasculature. This is consistent with our 
previous observations between BP and ret- 
inopathy in young people with type 1 di- 
abetes (27). 

Our findings suggest that a simplified 
venular network (i.e., greater LDRv and 
lower STv) results in a greater risk of early 
renal dysfunction. As previously described, 
lower LDR can result from shorter axial 
length due to earlier branching points and/ 
or wider vessel calibers (14). 

Our current software does not report 
vessel length; however, our results sug- 
gest venular axial length was increased in 
view of the wider venules observed with 
longer diabetes duration. These early 
venular differences may represent greater 
tissue metabolic demands, mechanical 
stress, and an increased propensity for 
early nephropathy. Our measures of tortu- 
osity and LDR had good reproducibility; 
however, branching angles are particularly 
vulnerable to parallax error as reflected in 
the relatively low intraobserver correlation. 



Not unexpectedly, therefore, there were 
no significant associations in GEE mod- 
els between branching angles and renal 
dysfunction. 

The strengths of this study include 
the longitudinal design, a large patient 
cohort with multiple visits per individual, 
and standardized, quantitative evaluation 
of retinal vascular measures by a single 
grader masked to participants' clinical sta- 
tus. Our young cohort without comorbid- 
ities avoids confounders present in older 
groups with established complications 
and medical therapy. The use of GEEs al- 
lowed inclusion of every available patient 
visit in the analysis and accounts for un- 
even follow-up and missing data. The re- 
producibility of LDR and ST measures 
(ICCs ranging from 0.80 to 0.96) was 
comparable with retinal vascular caliber 
measurements in the Atherosclerosis 
Risk on Community study (ICCs ranging 
from 0.79 to 0.83) (28). Repeated longi- 
tudinal LDR and ST measures would 
strengthen this study. This cohort from a 
tertiary referral center may be biased to- 
ward closer monitoring, tighter metabolic 
control, and, thus, underrepresentation of 
early renal dysfunction; conversely, this 
underscores the robust nature of the meas- 
ures studied. 

Limitations of our measurements in- 
clude the use of the central retinal field 
only and the lack of reporting absolute 
values for vessel length. Therefore, we 
cannot generalize our findings to the 
whole microvascular bed involving pe- 
ripheral retinal areas that need further 
study both structurally and functionally. 
The spherical nature of the retinal surface 
cannot be accurately assessed in two- 
dimensional photographs and has an in- 
herent degree of parallax error when 
evaluating branching angles. Neverthe- 
less, our results demonstrate the potential 
utility of novel quantitative measure- 
ments of retinal vascular geometry from 
this central field, which is practical and 
reproducible, in people with diabetes. 

In summary, retinal vascular geome- 
try parameters, specifically retinal venular 
LDR and tortuosity, are independent pre- 
dictors of incident renal dysfunction in 
young people with type 1 diabetes. These 
noninvasive retinal measures may further 
our understanding of early mechanistic 
pathways for microvascular complications. 
Functional studies examining blood flow 
would complement these findings. Future 
studies replicating these findings in other 
populations are needed. Our study high- 
lights the role of venular LDR and tortuosity 
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as tools for risk stratification of individuals 
at high risk for microvascular complica- 
tions, and in monitoring of disease pro- 
gression and therapeutic benefits. 
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